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Heparan sulfate proteoglycans (HSPGs) are major components of the extracellular matrix/cell surface and regulate a variety of biological phenomena, including cell proliferation, cell migration and differentiation (1) . These effects are mediated through the ability of HSPGs to bind to a diverse repertoire of protein ligands. Among these are morphogens, growth factors, chemokines, and other classes of molecules (2, 3) .
HSPGs consist of multiple heparan sulfate (HS) chains, which are covalently linked to a limited set of core proteins. The HS chains contain repeating uronic acid and glucosamine disaccharide units. The binding functions of HSPGs depend on the fine structure of the attached heparan sulfate chains where sulfation modifications occur in four positions (N-, 3-O, and 6-O of glucosamine and 2-O of uronic acid) in highly variegated, yet highly regulated patterns (3, 4) .
6-O-sulfation of glucosamine (6S) is established to be critical for certain HSPG functions in organisms from Drosophila through mammals (5, 6) .
Several years ago, we cloned cDNAs encoding two novel extracellular sulfatases (Sulf-1 and Sulf-2) in human and mouse (7), initiated by the identification of the Sulf-1 ortholog in the quail embryo (QSulf-1) (8). We and others showed that both Sulfs are neutral pH endosulfatases, which remove 6S from internal glucosamine residues of highly sulfated subregions within heparin/HSPGs (7, 9, 10) . The ability of these enzymes to modulate the heparin/HSPG interactions of a number of growth factors, morphogens, and chemokines has been confirmed in direct binding assays (9, (11) (12) (13) . In some cellular contexts, the Sulfs act to promote signaling pathways (Wnts, GDNF, BMP) (9) (10) (11) 14) , whereas in others the Sulfs are inhibitory (FGF-2, TGF-β) (15) (16) (17) . The importance of the Sulfs in development has been revealed by gene knockdown (8) and knockout studies (11, (18) (19) (20) . The phenotypes in single and double null mice include abnormalities in general growth, muscle innervation, muscle regeneration, skeletal tissue, and lung development. The Sulfs have been extensively investigated in cancer with some studies consistent with tumor suppression activity (15, 21, 22) and others with a pro-oncogenic role (23) (24) (25) .
As is the case for the prototypic QSulf-1 (8), HSulf-1 and HSulf-2 consist of four domains from N-terminus to C-terminus: a signal peptide, a catalytic domain of 374 amino acids, a basic hydrophilic domain of 346/366 amino acids and a C-terminal domain of 109/127 amino acids. (7, 8) . In the 17-member sulfatase family (26) , the Sulfs share the most extensive sequence homology with lysosomal glucosamine-6-sulfatase in the catalytic and C-terminal domains, while the centrallyinserted hydrophilic domain is absent from this enzyme and other sulfatases. Limited information has been available about the proteolytic processing of the Sulfs during synthesis. In the present study, we show that the mature form of each human Sulf consists of a heterodimer of 75-kD and 50-kD subunits, which is formed through the action of a furin-type proteinase on a proprotein of 125-kD. We investigate the structural requirements for the enzymatic and signaling activities of these proteins.
EXPERIMENTAL PROCEDURES
Plasmids and antibodies-The C-terminal-Histagged versions of human Sulf-1 and Sulf-2 in pcDNA3.1/Myc-His(-) vector (Invitrogen) have been described (7) .
The N-terminal-Flagtagged/C-terminal-His-tagged versions of human Sulf-1, Sulf-2, Sulf-1ΔCC and Sulf-2ΔCC in the pSecTag vector were generated from previously described plasmids (12) .
The C-terminal truncation mutants of Sulfs in pSecTag vector were produced by adding a stop codon after amino acid 544 and 538 of Sulf-1 and Sulf-2, respectively, by site-direct mutagenesis (Strategene). (The first methionine is set as 1 in amino acid numbering). The hydrophilic domain deletions mutants of Sulfs in pSecTag vector were generated by deleting the amino acids 417-726 of Sulf-1 and 418-715 of Sulf-2 by PCR. The DNA fragments encoding the furin cleavage sites of Sulf-1 (amino acids 539-544 and 571-576) and Sulf-2 (amino acids 533-538 and 560-565) were deleted by PCR in order to generate the noncleavable mutants of Sulf-1 and Sulf-2 in the pSecTag vector. D1 refers to the deletion of the first furin cleavage site, D2 to the deletion of the second furin cleavage site, and D1D2 to the deletion of both sites. Wnt1 and Wnt3a plasmids were provided by Dr. Laura W. Burrus of the California State University/San Francisco (27) . Wnt3 plasmid was provided by Dr. Jan Kitajewski of Columbia University. Super8XTopFlash, Super8XFopFlash and RL-CMV were provided by Dr. Randy Moon, University of Washington. Sulf-2 polyclonal Antibody H2.3, directed to the HSulf-2 peptide (a.a. 484-504) has been described (24) . Flag antibody (Cat. F3165) was from Sigma. His antibody was from Serotec (Cat. MCA1396). Flotillin antibody was from BD Bioscience (Cat. 610820).
Cell culture and transfection-The human pancreatic adenocarcinoma cell line HS766T and the human embryonic kidney cells HEK 293 were maintained in Dulbecco's modified Eagle's (DMEM) medium supplemented with 10% fetal bovine serum. The human breast cancer cell line MCF-7 was maintained in RPMI medium supplemented with 10% fetal bovine serum and 10 µg/ml insulin. For transient transfections, Fugene 6 (Roche, Cat. 11814443001) was used according to the manufacturer's instructions. OptiMEM (Invitrogen) replaced standard growth medium when conditioned medium (CM) was obtained.
Immunoprecipitation and Western blotting-CM was first concentrated on a Centricon30 microconcentrator (Millipore) prior to immunoprecipitation.
For cell lysate immunoprecipitations, cells were lysed with RIPA buffer (1% Triton X-100, 20 mM Tris-HCl pH 8.0, 150 mM NaCl) in the presence of 1x protease inhibitor mixture (Sigma, Cat. P8340). Concentrated CM or cell lysates were subjected to immunoprecipitation with appropriate antibodies for 2 h at 4°C and further incubated for 2 h at 4°C after adding buffer-equlibrated protein A agarose beads (Repligen, Cat. IPA400HC). The beads were washed three times and analyzed by SDS-PAGE. After 7.5% SDS-PAGE electrophoresis, proteins were transferred to Problot membranes (Applied Biosystems, Cat. 400994). Reduction was achieved with Tris[2-carboxyethyl] phosphine (TCEP). The membranes were blocked overnight at 4°C in blocking buffer containing 5% non-fat milk in PBST (PBS buffer with 0.1% Tween-20), incubated with specific antibody in blocking buffer (1:500-1:2000) at RT for 2 h, washed three times with PBST, and incubated with horseradish peroxidase-conjugated anti-rabbit (eBioscience, Cat.18-8816) or anti-mouse (eBioscience, Cat.18-8817) immunoglobulin diluted in blocking buffer (1:1000) at room temperature for 1 h. The proteins were detected using the enhanced chemiluminescence (ECL) detection reagents (GE healthcare Cat. RPN2132).
Exogenous furin digestion and furin inhibition assay-Sulf protein was immunoprecipitated from cell lysates by Flag antibody or H2.3 antibody followed by protein A agarose beads. The beads were washed twice with wash buffer (100 mM HEPES pH 7.4, 0.5% Triton X-100, 1 mM CaCl 2 ) and resuspended in reaction buffer (100 mM HEPES pH 7.4, 0.5% Triton X-100, 1 mM CaCl 2 , 1 mM 2-mercaptoethanol Purification and protein sequencing of Sulf-1 and Sulf-2-HEK 293 cells were transiently transfected with the C-terminal-His-tagged versions of human Sulf-1 and Sulf-2 using Fugene 6. CM (~15 ml) was collected from 3 10 cm dishes after 72 hr and was clarified by centrifugation at 5,000 RPM for 5 min. 250ul nickel beads (QIAGEN) was added to the CM and rotated at 4°C overnight. Beads were applied to a column and washed twice with wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole. 0.05% Tween20, pH 8). Sulf protein was eluted by elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, 0.05% Tween20, pH 8). The eluted material was separated by electrophoresis on a reducing SDS-7.5% polyacrylamide gel and blotted onto Problot membrane. The membrane was stained with Gelcode Blue (Pierce, Cat. 24592) and protein bands were excised and sent to the UCSD Protein Sequencing Facility for N-terminal sequencing.
S-HS chain digestion assay-
The procedures of (28) were adapted for this assay. Briefly, 35 S-SO 4 -lableled heparan sulfate ( 35 S -HS) was prepared by metabolically labeling 293 cells for 5 h in DMEM medium containing 1% FBS and 100 µCi/ml 35 S-SO 4 (Perkin Elmer). Cells were lysed in hypotonic 0.25% Triton X-100 in H 2 O, and the cell lysate was digested with proteinase K (10 µg/ml) at 55°C overnight to degrade proteins. After boiling for 10 min to inactivate the protease, total GAGs were precipitated with 3 volumes of 100% ethanol and 10 µg of dermatan sulfate (Sigma, Cat. C3788) at -20°C. The precipitate was collected by centrifugation, washed with 70% ethanol, air-dried, and dissolved in H 2 O. The material was further digested with 0.2 units of chondroitinase ABC (Sigma, Cat. C2905) to degrade chondroitin sulfate followed by filtration with a 5-kD (Millipore Cat. UFV5BCC00) filter unit to remove low molecular material. Recombinant Sulfs were precipitated from CM of Sulf-transfected 293 cells by Flag antibodyconjugated to protein G beads or nickel beads. The resins with bound materials were washed 2X with reaction buffer (50 mM Tris-HCl, pH 7.5 and 50 mM MgCl 2 ). 35 S-HS (10 µl) was added to the resins in a volume of 200 µl reaction buffer and incubated overnight at 37°C. The supernatant was collected by centrifuging the reaction mixture at by guest on August 17, 2017 http://www.jbc.org/ Downloaded from 14,000 RPM for 15 min with the 5-kD filter unit, and 35 S CPM was measured in the flow-through (representing free 35 S-SO 4 ) with a scintillation counter.
Membrane fractionation and lipid raft isolation-HEK 293 cells transfected with the N-terminalFlag-tagged/C-terminal-His-tagged versions of Sulf-1/Sulf-2 or HS766T cells (which express endogenous Sulf-2) were used for the membrane fractionation. Lipid rafts were isolated as follows (29): cells from a 60-mm dish were lysed in 1.5 mL of lysis solution (10 mM NaHPO 4 at pH 6.5, 150 mM NaCl, 0.5 mM PMSF, 1% Triton X-100) at 4°C. The lysate was mixed with same volume of 80% sucrose. Eight sucrose density steps (35.6-5%, 1 ml per step made in above buffer without detergent) were layered onto the 40% sucrose lysate, and centrifuged 40,000 RPM for 20 h (Beckman SW41 rotor). Sixteen fractions (0.69 mL/fraction) or nine fractions (1.2 mL/fraction) were collected. Equal volumes of the fractions were run on 7.5% SDS-PAGE followed by transfer to PVDF membranes for Western blotting. The membranes were probed with Flag antibody for recombinant Sulf-2 or H2.3 for native Sulf-2 and with flotillin-1 antibody.
RESULTS
Both Sulf-1 and Sulf-2 form disulfide linked heterodimers. The largest molecular weight form of the HSulfs in whole cell lysates is ≈ 125-kD, of which 100-kD is protein and the remainder is predominantly N-glycans (7).
To investigate proteolytic processing of Sulfs during their maturation, 293 cells were transfected with the Flag/His HSulf plasmids, encoding a Flag tag at the amino terminal of the protein and a His tag at the carboxyl terminal. Detergent lysates of the transfectants and conditioned media (CM) obtained from the cells were analyzed by Flag Western blotting under reducing conditions. Cell lysates of both Sulf-1 and Sulf-2 transfectants contained a reactive ≈75-kD band (77-kD for Sulf-1 and 73-kD for Sulf-2) in addition to the expected 125-kD band (Fig. 1a) . The 75-kD band was dominant in CM, while the 125-kD band was barely discernable. Native Sulf-2 produced by a breast cancer cell line (MCF-7) and a pancreatic cancer cell line (HS766T) (24, 25) was analyzed with an antibody directed to a peptide in the amino-terminal region of Sulf-2 (H2.3). Western blots of native Sulf-2 were similar to those for the recombinant protein (Fig. 1a) . To determine the origin of the 75-kD bands, Sulf protein from CM was immunoprecipitated by a His antibody followed by Western Blotting with a Flag antibody, and vice versa. For both Sulfs, the His IP/Flag WB combination yielded the 75-kD band, whereas the Flag IP/His WB combination yielded a ≈50-kD band (48-kD for Sulf-1 and 52-kD for Sulf-2) (Fig. 1b) . Next, we analyzed Sulf-1 and Sulf-2 in CM by Western blotting under both reducing and non-reducing conditions. Without reduction, we detected a 125-kD band with either the His antibody or the Flag antibody, whereas with reduction (TCEP) we detected the 75-kD and 50-kD bands by Flag and His antibodies, respectively (Fig. 1c) . Comparable results were obtained with native Sulf-2 from both MCF7 and HS766T cells (Fig. 1c) . Thus, we conclude that for each Sulf the 50-kD and 75-kD components associate to form a heterodimer of 125-kD via disulfide bonds.
In order to check whether human Sulfs can associate with the cell membrane and if so, in what form, we used a transient high salt wash treatment. This procedure has been established to release QSulfs from intact cells (28) . Salt washes of 293 cells transfected with the Flag/His Sulf plasmids contained both the 75-kD and 50-kD bands, as revealed by Flag and His WB respectively (Fig.  1d) . The processed form of Sulf-2 was the predominant form on the cell surface of HS766T and MCF-7 cells (Fig. 1d) .
Sulfs undergo removal of signal peptides and furin-type proteinase-mediated cleavage during maturation. In our original description of the HSulfs, we predicted the probable sites of signal peptide cleavage and several potential furin cleavage sites in each protein (7) . To define the actual cleavage sites, we performed Edman sequencing. 293 cells were transfected with the His Sulf plasmids (His at the C-termini) and the Sulfs were purified from CM on nickel beads. Elutes were separated by reducing SDS-PAGE and blotted onto Problot membranes. Consistent with the findings described above, Gelcode blue staining of purified Sulf-1 and Sulf-2 revealed 75-kD and 50-kD bands under reducing condition (Fig 2a) . The 75-kD and 50-kD bands were eluted from the Problot membrane. Edman sequencing of the 75-kD bands confirmed the removal of signal peptides and established that the mature proteins begin at position 23 for Sulf-1 and 25 for Sulf-2. Interestingly, the 50-kD C-terminal subunits of Sulf-1/Sulf-2 were mixtures of two fragments, suggesting 2 cleavage sites (designated site1 and site2) in each protein. The protein sequences amino-terminal of site1 for Sulf-1/Sulf-2 are classical furin cleavage sequence (R-X-X-R), whereas the sequences amino-terminal of site2 are less typical furin cleavage sites (K/R-X-X-X-K/R-R) (30) . These sequences are strongly conserved in human, mouse and quail Sulfs (Fig. 2b) .
To confirm that a furin-type proteinase is responsible for processing of the Sulfs into 75-kD and 50-kD subunits, 293 cells were transfected with Flag/His Sulf-2 plasmid and Sulf-2 protein was immunoprecipitated from cell lysates. The immunoprecipitated protein was incubated with or without furin, followed by Flag and His Western blotting. Furin treatment increased the signals for the 75-kD and 50-kD bands with a corresponding decrease in the 125-kD component (Fig. 3a) . We obtained similar results with native Sulf-2 from HS766T and MCF-7 cells (Fig. 3a) and with Sulf-1 (data not show).
To establish the temporal sequence of Sulf processing, we blocked protein synthesis in Sulf-2-expressing HS766T cells and monitored Sulf-2 over time. The cells were continuously treated with 100 µM cycloheximide. Cell lysates and CM were collected at different time points after treatment and analyzed by H2.3, the aminoterminal directed antibody. With time, there was a decrease of the 125-kD band in cell lysates and an increase in the 75-kD band in CM (Fig. 3b) . This result is consistent with a proteolytic processing step in which the 125 kD precursor is cleaved into subunit products.
To determine whether cleavage by the furin-type proteinase occurs inside or outside of the cells, we employed a cell-permeable furin inhibitor (CMK) and a cell-impermeable inhibitor (Furin inhibitor II) (31, 32) . MCF-7 cells were exposed to the inhibitors at several concentrations for a total of 6 h (with replenishment at 3 h). Only the cellpermeable inhibitor, CMK, efficiently inhibited cleavage (Fig. 3c) . This finding provides further validation of the participation of furin-type proteinase in Sulf processing and establishes that the cleavage steps take place inside the cell, presumably in the trans Golgi (30) . Since the uncleaved form of Sulf-2 was present in CM, we can also conclude that cleavage is not a prerequisite for secretion.
Interestingly, the uncleaved form of Sulf-2 had a molecular weight of ≈250-kD, twice that of the full-length protein, indicating that multimerization of the protein was facilitated in the absence of proteolytic processing. We suspect that a C-terminal region might be responsible for multimerization, since we observed the tendency of the 50-kD subunit to form dimers by His Western blotting (Fig. 1c) . This characteristic was not observed for the 75-kD subunit.
Structural requirements for enzymatic activity. The catalytic center of the Sulfs resides in the amino-terminal 75-kD subunits (7, 8, 26) .
To determine whether the C-terminal 50-kD subunits were required for activity, we prepared truncation mutants of the Sulfs, which lacked the entire Cterminal regions after site1. 293 cells were transfected with wild type Flag/His Sulf plasmid and the truncation mutant plasmids. CM was immunoprecipitated by the Flag antibody and the protein-bead complex were tested for enzymatic activity with two substrates: 4-methylumbelliferyl sulfate (4-MUS) and 35 S-SO 4 labeled heparan sulfate ( 35 S-HS). 4-MUS is a general substrate, which can be used to measure arylsulfatase activity of many sulfatases (33) including the Sulfs, (7), while heparan sulfate is the native substrate, which is used to measure the endosulfatase activity of the Sulfs (7,9,10,13). Although the Sulf-1/Sulf-2 truncation mutants were expressed in CM at comparable levels to the wild-type proteins, they were completely inactive in both assays (Fig. 4b) . One explanation is that the C-termini of the Sulfs contain the most Cterminal of the 9 evolutionarily conserved regions, which are found in all 17 human sulfatases (26) . The other 8 conserved regions occur in the first 450 amino acids and reside in the 75-kD subunits. In each Sulf, the C-terminal conserved region is separated from the other 8 by insertion of the hydrophilic domain. Ai et al. (28) have shown that mutations within the hydrophilic domain of QSulf-2 cause a loss of endosulfatase activity against heparan sulfate. We hypothesized that a Sulf mutant, which contains all 9 conserved regions, but not the hydrophilic domain would retain arylsulfatase activity but would lose endosulfatase activity. To test this prediction, the hydrophilic domains (a.a. 417-726 for Sulf-1 and 418-715 for Sulf-2) were deleted according to the sequence alignment with human lysosomal glucosamine-6-sulfatase (7, 8) . The HD-less mutants showed similar arylsulfatase activity as the wild type proteins. However, endosulfatase activity was completely abolished in both cases (Fig. 4c) . The neutral pH optimum for arylsulfatase activity, originally observed for the wild-type enzymes (7), was preserved in the mutants (data not shown).
Uncleavable Sulfs retain enzymatic activity. We next sought to determine the contribution of the processing steps to the biological activity of the Sulfs by preparing "uncleavable" versions. To obtain such mutants, we deleted the furin cleavage sequence at site1 or site2 or at both sites from the Flag/His Sulf plasmid templates (Fig. 5a ). Deletion mutants were transfected into 293 cells and CM was analyzed by Flag and His Western blotting. For Sulf-1, each single deletion partially inhibited cleavage, while the double deletion prevented cleavage almost completely. For Sulf-2, deletion at site1 partially blocked cleavage but deletion at site2 had no effect. Cleavage was almost completely blocked when both sites were deleted (Fig. 5b) . These results indicate that a furin-type proteinase cleaves Sulf-1 equivalently at both sites, but cleaves Sulf-2 preferentially at site1. The double deletion mutations did not alter the proportion of the Sulf that was secreted vs. retained on the cell surface (Fig. 5c) .
We carried out the 4-MUS and 35 S-HS assays on the double deletion mutants of the Sulfs. The uncleavable mutants exhibited similar activities as the wild-type proteins in the two assays when measured at comparable concentrations (Fig. 6 ). Sulf1∆CC and Sulf2∆CC, which are enzymatically-inactive forms of the enzymes with substitutions for cysteines in the actives sites (7) were included in both assays as negative controls.
Uncleavable Sulfs lack Wnt promoting activity and mislocalize on the plasma membrane. Promotion of Wnt signaling is a major biological function of the Sulfs (8, 9, 14, 25) , presumably occurring via Sulf-mediated release of Wnt ligands from HSPG sequestration (9). We next asked whether the uncleavable Sulf mutants were active in the Wnt pathway by adapting previously described assays (9, 25) . We used 293 cells, which are capable of Wnt signaling when provided with an exogenous source of Wnt ligands (25, 27 ). We measured Wnt signaling using the TOP/FOP flash assay, which quantifies β-catenin-dependent transcriptional activity. Burris and co-workers have shown that 293 cells respond to Wnt ligands with a large increase in TOP/FOP flash activity (27) . We transfected 293 cells with plasmids encoding Wnt ligands (Wnt 1, Wnt 3a or Wnt 3) and found ≈40-fold increase in Wnt signaling in each case. For all three Wnts, the TOP/FOP flash signal was further enhanced by 2-3 fold when the 293 cells were transfected with a plasmid for either Sulf-1 or Sulf-2, but was not changed by the catalytically inactive forms (Fig. 7) . These findings add Wnt 3 and Wnt 3a to the list of Wnt ligands (i.e. Wnt 1, Wnt 4, Wnt 11) whose signaling is promoted by the Sulfs (8, 9, 14, 25) . Strikingly, the uncleavable Sulf mutants were unable to enhance signaling by Wnt 1 or Wnt 3, and had only a minor effect on Wnt 3a signaling.
Since Wnts are found in lipid rafts on the cell surface (34), we wondered whether the Sulfs might also reside in these membrane subdomains. To address this question, we fractionated HS766T membranes by sucrose gradient centrifugation and examined the distribution of Sulf-2 in the different fractions. A significant portion of Sulf-2 was found in the lipid-raft fraction, as indicated by the presence of raft-resident protein, flotillin-1 (35) (Fig. 8a) . We extended this investigation to the recombinant Sulfs. 293 cells were transfected with the Flag/His Sulf plasmids and the corresponding uncleavable mutants. In each case, the wild type Sulf was again found in the lipid raft fraction.
However, the uncleavable mutant showed a markedly reduced accumulation in lipid rafts (Fig. 8b) , indicating that the mutant was more evenly distributed on the cell surface.
DISCUSSION
The Sulfs regulate extracellular signaling events, which contrasts with the lysosomal subfamily of sulfatases, which are involved in the catabolism of sulfated substrates (36) . The growing importance of the Sulfs in development and carcinogenesis has underscored the need for further biochemical characterization of these enzymes. Previous work on the Sulfs has shown that they undergo a series of post-translational modifications, which are important for their catalytic activity. For example, in common with other sulfatases (37, 38) , the activity of both Sulfs relies on the conversion of a highly conserved cysteine within the catalytic domain into Cα-formylglycine, the site at which sulfate is directly bound (7, 8, 33) . In addition, Nlinked glycosylation is required for QSulf-1 activity (39) . In contrast to this information about posttranslational modifications, little has been reported concerning the proteolytic processing of these enzymes. The present study was prompted by the observation of Sulf fragments in Western blots (7, 16, 24, 25) , which suggested chain cleavage and the possible existence of a subunit organization. Here, we provide information about the maturation of these enzymes, their subunit organization, and the requirements for their enzymatic and signaling functions. We found that both Sulf-1 and Sulf-2 are initially synthesized as pre-proproteins and are converted to proproteins by removal of their signal peptides. The proproteins are cleaved by a furin-type proteinase into two chains of 75-kD and 50-kD, which form disulfide-linked heterodimers. A portion of the mature heterodimer is secreted, while a significant fraction is retained on the cell membrane. It is noteworthy that the QSulfs, in contrast to the HSulfs, are not secreted (28) . The Sulfs are highly homologous across species; however, the hydrophilic domains, especially in their central regions, have reduced sequence identity. Since the hydrophilic domain is required for QSulf-1 and QSulf-2 membrane association (8, 28) , it is plausible that the sequence variation in the domain accounts for the difference in secretion.
Furin belongs to the proprotein convertase family (PCs) (30) . These are secreted proteases, which cleave precursor proteins into their mature/active forms by limited proteolysis at one or more internal sites (30). We identified two principle furin-type proteinase cleavage sites in both HSulf-1 and HSulf-2. The importance of these target sequences is indicated by the high degree of conservation in human, mouse and quail. Blocking the cleavage by mutating the sites had little or no effect on the secretion of the Sulfs or their solubility. Moreover, Sulf activity against both 4-MUS and 35 S-HS persisted in the uncleavable mutants, although a detailed comparison of enzyme kinetics remains to be done. Most significantly, the mutated Sulfs were unable to potentiate Wnt signaling.
The 75-kD N-terminal subunit of each Sulf contains the conserved catalytic center of sulfatases, and it is necessary for enzymatic activity (7). This subunit is not sufficient for activity, since when it was expressed alone, it was inactive against both 4-MUS and 35 S-HS. We reasoned that this complete loss of activity was because the N-terminal subunit lacks the most Cterminal of the evolutionarily conserved regions, which are common to the entire sulfatase family. By deleting the HD domains, we created proteins, which resembled lysosomal enzymes in that the 9 conserved regions were contiguous. These HDless mutants demonstrated normal arylsulfatase activities but were inactive against heparan sulfate. Thus, the inserted hydrophilic domains distinguish the Sulfs from lysosomal exosulfatases and appear to endow the Sulfs with endosulfatase activity. Ai et al (28) showed that the hydrophilic domains of QSulfs exhibit heparan sulfate binding activity, and is thus are likely involved in substrate binding by the enzymes. An analogy may be drawn between the Sulfs and collagenases/aggrecanases (40). These extracellular matrix-degrading enzymes contain catalytic domains as well as noncatalytic "exosite" domains, which participate in the recognition of natural substrates of the enzymes. Our results argue that the hydrophilic domains possess analogous exosites for the Sulfs.
Our findings also demonstrate that Sulf-2 accumulates in lipid-rich domains. This finding is in line with previous reports that large amounts of HSulf and QSulf are found in a detergentinsoluble membrane fraction (7, 16, 28) , which is known to include lipid rafts (Brown et al, 2000) . Interestingly, Wnt ligands are lipid-modified (34, 41, 42) , and a lipid raft localization has been reported for Wnt 1 (34) . Additionally, glypicans, which are established HSPG partners for Wnt signaling (43, 44 ) also localize to lipid rafts (45, 46) , as does the Wnt co-receptor LRP6 (47) . Therefore, for optimal signaling it would seem most favorable if the Sulfs are concentrated in the same membrane microdomain as these other elements of Wnt signaling. Our data also show that the localization of the Sulfs into lipid rafts was markedly reduced when furin-type proteinase cleavage was prevented, while their secretion and enzymatic activity were not apparently affected. Strikingly, the uncleavable mutants of both Sulfs lost their ability to potentiate Wnt signaling for three different Wnts. The altered membrane distribution due to lack of furin-type proteinase cleavage is therefore a plausible explanation for the reduced Sulf activity in signaling. Although the exact mechanism of how the cleavage could regulate Sulf accumulation in the lipid rafts is unknown, it is conceivable that the cleavage step is obligatory for a modification, which controls the membrane subdomain localization. It is also possible that the heterodimer organization of the Sulfs could be critical for their long-range activity. In our Wnt signaling reporter assay (TOP/FOP assay), we could not distinguish whether the increment of Wnt signaling by Sulf is a result of Sulf acting on the same cell, which produces the enzyme, or on neighboring cells, or both. Whether soluble, secreted Sulfs can integrate into the lipid rafts of neighboring cells (or of the secreting cell) is not known.
Several lines of evidence establish that furintype proteinase activity contributes to cancer. Furin is upregulated in several cancers (48) (49) (50) and inhibition of furin-type proteinase inhibits cancer cell invasiveness and proliferation (51, 52, 53) . It is known that furin processing of PDGF-A and TGF-β facilitates tumor growth and invasiveness (54, 55) . As the pro-oncogenic activity of the Sulfs in certain cancers may be based on promotion of Wnt signaling (25) , the furin-type proteinase involved in these processing steps could be a therapeutic target.
Crystal structures of three human sulfatases, arylsulfatase A, B and C, have been determined (56) (57) (58) . However, the Sulfs have not yet been crystallized. Structural information derived from crystals will provide further understanding of how the Sulf subdomains contribute to removal of 6S from specific HSPG substrates. Cells from one dish were directly lysed in lysis buffer ("tot"), the other dish of cells was first washed once with 1M NaCl (salt) and then lysed ("res"). Protein from those three fractions were analyzed by Flag and His WB. Right, MCF-7 and HS766T cells were directly lysed ("tot"), or first washed once with 1M NaCl (salt) and then lysed ("res"). The three fractions were analyzed by H2.3 WB. 
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